The thermodynamic properties of the binary Cu-Mg system are examined with a focus on equilibria involving the liquid phase, which is described with a four-species association model, incorporating a two-state treatment for the pure component liquids below their respective melting temperatures. The terminal and intermediate crystalline phases are described as substitutional solid solutions, employing two sublattices for the latter. Model parameters are fitted using available experimental data, and the resulting phase diagram is reported over the full range of compositions in the binary system. We also report the associated T 0 curves, indicating the limits of partitionless crystallization and compare these with reports of amorphous solid formation during rapid solidification processing. The thermodynamic properties of the binary Cu-Mg system are examined with a focus on equilibria involving the liquid phase, which is described with a four-species association model, incorporating a two-state treatment for the pure component liquids below their respective melting temperatures. The terminal and intermediate crystalline phases are described as substitutional solid solutions, employing two sublattices for the latter. Model parameters are fitted using available experimental data, and the resulting phase diagram is reported over the full range of compositions in the binary system. We also report the associated T 0 curves, indicating the limits of partitionless crystallization and compare these with reports of amorphous solid formation during rapid solidification processing.
Introduction
The properties of highly undercooled liquids play an essential role in the various phenomena that occur during rapid solidification processing, including nucleation of stable or crystalline phases, the selection of growth morphologies under high-driving forces, non-equilibrium chemical partitioning at high-growth rates, and the formation of glassy phases. As thermodynamic and kinetic criteria are developed to predict or describe these processes, [1, 2] it is essential to develop thermodynamic models which accurately describe the energetics of undercooled liquids and the associated phase equilibria.
In a previous paper, [3] we modeled the thermodynamic properties and associated phase equilibria for the Cu-Mg binary system and compared the resulting phase diagram with the prior thermodynamic modeling reported by Coughanowr et al. [4] and by Zou and Chang. [5] While those results are consistent with reported experimental data, we point out that the SGTE parameters [30] are not sufficient for describing the behavior of undercooled liquids. This is clearly indicated in Fig. 1 , where the heat capacities of the pure Cu and Mg liquids, calculated using these parameters, show a discontinuity in their first derivative at T m . This unrealistic behavior is also exhibited by our previous treatment of the alloy liquid, as shown in Fig. 2 for the Cu 14.4 Mg 85.5 composition. To address this problem here, we incorporate a two-state model [31, 32] into our prior approach [3] to describe the thermodynamic properties of the undercooled liquids and to compute the relevant phase equilibria and limits for partitionless crystallization from the melt. We employ a CALPHAD [33, 34] methodology, where the model parameters describing the Gibbs free energies associated with the formation of compounds or solution phases are determined through a systematic semi-empirical optimization, using available experimental data from calorimetry, x-ray diffraction, electron-probe microchemical analysis, and optical micrography. 
Thermodynamic Models
We adopt our previously reported approach [3] for the modeling of Gibbs free energies and associated phase equilibria for the Cu-Mg binary system, but we add a twostate treatment [31, 32] of the undercooled elemental liquids. Thermodynamic functions for other pure element states are taken from the SGTE database, [30] as listed in Table 1 . An association model [35, 36] is used for the alloy liquid, and sublattice models [37] are employed for the solid phases. All thermodynamic models are defined in Table 2 , where the total Gibbs free energy for any phase, /, is generally given by the sum of three contributions,
where the subscript, m, indicates that all terms are molar quantities. The first term in Eq. 1 is the sum of occupancyweighted sublattice end-member contributions. The second and third terms are the ideal and excess parts of the Gibbs free energy of mixing, respectively. In Table 2 , we list the Redlich-Kister formalism for the excess term for the fcc and hcp solid solutions. It should be noted, however, that for this work we use only the first term (j = 0) with a constant coefficient (i.e. regular solution). The specific treatment of each phase is discussed briefly here.
We employ a four-species association model, [35, 36] for the binary liquid solution (L) where Cu 2 Mg and CuMg 2 are chosen as the relevant intermediate chemical associates according to previously reported experimental data, [38] as we have discussed elsewhere. [3] The Gibbs free energy of an
where the Gibbs free energy of formation, DG L Cu m Mg n , for the indicated species is assumed to have temperature dependence of the general form,
To address the problem discussed earlier regarding the discontinuity in the heat capacity of the liquid phase, [3] we employ a two-state approach, [31, 32] describing the liquid phase (L¢) as an ideal mixture of low-free energy ''solidlike'' particles and high-free energy ''liquid-like'' particles. Accordingly, for a single component, the molar Gibbs free energy of the mixture is written as 
The task of modeling G 
where 0 G S i is the Gibbs free energy of either Cu(fcc) or Mg(hcp), and where we assume that DG sol m takes the general form given in Eq 3, with only the first four coefficients being nonzero. Finally, we adopt AgrenÕs [31, 32] simplification of the temperature dependence of e, defining the activation energy simply as
where we assume that 0 L liq i is a constant. Thus, with the stated assumptions, the two-state model is completely described by Eq 6-8, along with Eq 3, where the parameters left for evaluation are a 0 , a 1 , a 2 , a 3 and 0 L liq i for each component. This parameter set was evaluated for Cu, by Agren et al., [32] while those for Mg are determined in the current work, as indicated in Table 1 .
All crystalline phases are treated as substitutional solid solutions. The fcc and hcp phases are treated with a single lattice, using the models given in Table 2 . The intermetallic phases, Cu 2 Mg-C15 and Mg 2 Cu-C b , are described as twosublattice solid solutions of the form (Cu, Mg) 2 (Cu, Mg) 1 . The associated Gibbs free energies are modeled as shown in and leave the indicated coefficients for evaluation (see Table 3 ) based on available enthalpy of formation, melting temperature, and heat capacity data, as we have previously discussed. [3] For the unstable compounds (i.e. Cu 2 Cu-C15, Mg 2 Cu-C 15 , Mg 2 Mg-C 15 , Cu 2 Cu-C b , Cu 2 Mg-C b , and Mg 2 Mg-C b ), there are no available heat capacity data with 
This work [30] T In total, in addition to the standard SGTE parameters for the pure elements, our treatment employs five (5) parameters for the two-state model for each undercooled elemental liquid (Table 1) , one (1) temperature dependent standard Gibbs free energy for each of the two-stable intermetallic end members (Table 3) , ten (10) binary interaction parameters (Table 4) , and eight (8) Gibbs free energy of formation parameters (Table 4) , two of which are temperature dependent. The evaluation of these parameters is discussed in the following section.
Modeling Results
Expressions for the standard Gibbs free energy ( 0 G / i ) of each pure component in the relevant phases are listed in Table 1 . Based on the model described in the preceding section and summarized in Table 2 , we evaluate the parameters for the undercooled elemental liquid Mg and adopt those developed by Agren et al. [32] for pure Cu, as listed in Table 1 . To include the influence of our two-state treatment of the undercooled elemental liquids, we reevaluate the parameters for the liquid solution phase and those for the compounds Cu 2 Mg-C 15 and Mg 2 Cu-C b . This is discussed in the remainder of the present section. The other relevant thermodynamic parameters are taken from our earlier work [3] as indicated in Table 3 and 4. To evaluate the parameters of G m L¢ , for the two-state model used for the undercooled liquid Mg, we take the approach described previously [2] and apply the conditions
at T = T m , noting that these conditions simply equate the values of G, S, C p , and @C p =@T , respectively, for L and L¢.
Given that we have four equations and five model parameters, we cannot solve for the parameters explicitly. We temporarily assign a 2 = 0 and use Eq. 10 with n = 2 and n = 3, where a 0 and a 1 play no role, and solve for the parameter a 3 as a function of 0 L Mg curve associated with this non-zero value of a 2 is plotted (broken curve) in Fig. 3 . Subsequently, we use Eq 10 with n = 1 and n = 0 to evaluate a 1 and a 0 , respectively. The five parameters for the pure Mg liquid (T < T m ), determined in this way, are listed in Table 1 . The final modeled heat capacity functions for the pure component liquids, above and below T m , are plotted in Fig. 1 .
The two-state modeling results for the single-component undercooled liquids are incorporated into the association model described in a previous section. The parameters for the liquid phase are evaluated using reported values of activity, [21] chemical potential, [18] [19] [20] [21] [22] [23] enthalpy of mixing, [17, 18] and heat capacity [6] and are listed in Table 4 . The heat capacity of the alloy liquid, as modeled with the two-state approach, exhibits a more realistic behavior than our prior treatment, as shown in Fig. 2 . For the solid phases, the model parameters reported by Zhou et al. [3] are considered. Due to the modified treatment of the Gibbs free energy for the liquid phase, the 0 G and 0 L parameters for both stoichiometries Cu 2 Mg-C 15 and Mg 2 Cu-C b are re-evaluated using reported experimental data, [9, 10, 12] while the remaining parameters are adopted from Zhou et al., [3] as listed in Table 3 and 4. The calculated enthalpy of mixing and Table 4 Thermodynamic model parameters (see Table 2 ) determined for the Cu-Mg system (per mole of formula unit) Fig. 4 and 5, respectively. The resulting equilibrium phase diagram is plotted in Fig. 6 along with reported experimental data. [8] [9] [10] [11] [12] The computed invariant reactions are compared with available experimental data in Table 5 . In Fig. 7 , we plot the liquidus ðl
showing the relevant criteria for crystallization from the melt with equilibrium chemical partitioning and zero chemical partitioning, respectively. Also shown in this figure are experimental observations of glass formation in this binary system, [6] indicating, as previously suggested, [2] that T 0 may be a practical limit for partitionless crystallization.
Conclusions
Employing a two-state treatment and empirical methods for evaluation of coefficients, the Gibbs free energy vs. composition curves for all relevant phases in the Cu-Mg binary system are modeled, and the associated binary phase diagram is computed. While the reassessed phase diagram does not differ significantly from our previous report, the computed alloy liquid heat capacity, as modeled with the two-state approach, exhibits a more realistic behavior. Combining a two-state model for the pure component liquid reference states in the sub-melting temperature regime and a four-species association model for the liquid solution, Fig. 4 The computed enthalpy of mixing for the binary liquid at 1120 K, compared with experimental data Comparison with experimental observations of glass formation in this binary system supports prior claims [2, 39, 40] that, as an upper bound to completely partitionless crystallization from the melt, the T 0 temperature provides a practical limit for the glass formation range. [8] 1070 [9] 1092 [10] 1066 [12] x ðliquid;MgÞ 0.333 0.333 0.333 0.333 0.333 [12] x ðC15;MgÞ 0.333 0.333 0.333 0.333 0.333 [12] Liq ! CuMg 2 -C b T, K 840.5 840.5 841.0 843.1 841.0 [10, 12] x ðliquid;MgÞ 0.667 0.667 0.667 0.667 0.667 [12] x ðCb;MgÞ 0.667 0.667 0.667 0.667 0.667 [12] Liq ! fcc þ Cu 2 Mg-C 15 T, K 996.5 998.8 998.8 998.3 995 [10] 998 [8, 12] x ðliquid;MgÞ 0.212 0.213 0.209 0.214 0.230 [8] x ðfcc;MgÞ 0.073 0.074 0.069 0.075 0.069 [12] x ðC15;MgÞ 0.315 0.314 0.313 0.316 0.310 [12] Liq ! CuMg 2 -C b þ Cu 2 Mg-C 15 T, K 825.6 826.5 825.5 825.2 828 [8, 9] 825 [10, 12] x ðliquid;MgÞ 0.595 0.594 0.595 0.588 0.585 [8] x ðCb;Mg Þ 0.667 0.667 0.667 0.667 0.667 [8] x ðC15;MgÞ 0.361 0.361 0.356 0.359 0.353 [8] Liq ! hcp þ CuMg 2 -C b T, K 760.1 757.3 759.0 758.0 753 [8] 758 [9, 10] x ðliquid;MgÞ 0.839 0.838 0.839 0.841 0.855 [9, 10] x ðhcp;MgÞ 1.000 1.000 1.000 1.000 1 [10] x ðCb;Mg Þ 0.667 0.667 0.667 0.667 0.667 [10] Fig . 7 The T L and T 0 curves calculated using the parameters in Table 1 , 3 and 4. Experimental reports of complete and partial glass formation are also shown [6] Basic and Applied Research: Section I
